Background-Hyponatremia is common in patients with conditions such as congestive heart failure, and is associated with increased mortality in hospitalized patients. Congestive heart failure is common in patients with chronic kidney disease (CKD), but the association of serum sodium concentration with mortality in such patients is not well characterized.
Introduction
Hyponatremia is one of the most common electrolyte abnormalities that has been described primarily in hospitalized patients; the prevalence of hyponatremia in hospitalized patients has been reported to be as high as 42% in some studies. 1, 2 Hyponatremia has been associated with various adverse clinical outcomes such as increased mortality, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] length of inpatient stay, 20, 21 gait imbalance and falls, 22 rhabdomyolysis 23 and bone fractures. [24] [25] [26] Additionally, hyponatremia has also been linked to significantly increased healthcare costs. [27] [28] [29] Most of the studies that examined outcomes associated with hyponatremia studied hospitalized patients at single medical centers and many restricted their analyses to patients with various pre-existing pathologic conditions known to cause hyponatremia, such as CHF and liver cirrhosis. While most studies that examined outcomes associated with abnormal serum sodium levels have focused on low serum sodium (hyponatremia), elevated serum sodium (hypernatremia) has also been associated with an increase in mortality in hospitalized patients. 20 Patients with chronic kidney disease (CKD) may be more susceptible to the development of dysnatremias by virtue of their diminished ability to maintain water homeostasis in the face of decreasing kidney function. In spite of this, short of a single study in hemodialysis patients 19 to our knowledge there have been no attempts to explore the association of abnormal serum sodium levels in patients with CKD. We examined the association of serum sodium levels measured repeatedly over time with all-cause mortality in a large, nationally representative cohort of US veterans with non-dialysis dependent CKD. We examined associations both with mild and moderate-to-severe hyponatremia and hypernatremia.
Methods

Cohort definition
We used laboratory data on serum creatinine from the VA Decision Support System (DSS) National Data Extracts Laboratory Results file (a VA-wide database containing select laboratory results obtained in the clinical setting) 30 to identify patients with CKD based on a stable estimated GFR (eGFR) and the presence of an elevated spot urine microalbumin/ creatinine ratio (for those with eGFR ≥60). 31 GFR was estimated from serum creatinine measurements and demographic characteristics by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation. 32 The algorithm for cohort definition is shown in Figure 1 . Of a total of 4,381,049 patients with any available eGFR between October 1, 2004 and September 30, 2006 we identified 655,493 patients with non-dialysis dependent CKD and available serum sodium measurements.
Socio-demographic characteristics and comorbidities
Data on patient age, gender, race, geographic location (Veteran Integrated Service Network (VISN) number) and blood pressure was obtained through the VA Corporate Data Warehouse (CDW). Information on race was complemented with data obtained from Medicare through the VA-Medicare data merge project. 33 These databases contain up to 12 diagnostic and/or procedure codes for every inpatient, long term care and outpatient VA encounter, as well as non-VA encounters. Prevalent cardiovascular disease was defined as the presence of diagnostic codes for coronary artery disease, angina or myocardial infarction, or procedure codes for percutaneous coronary interventions or coronary artery bypass grafting. We calculated the Charlson comorbidity index using the Deyo-modification for administrative datasets, without including kidney disease. 36 
Laboratory characteristics
Data on laboratory variables was collected from the October 1, 2004-September 30, 2009 time period by using the DSS National Data Extracts Laboratory Results file. 30 To minimize random variability all available laboratory values (including all serum sodium levels) were grouped by calendar quarters, and their quarterly-averaged values were used in analyses.
Statistical analyses
Descriptive analyses were performed and skewed variables were log-transformed. Due to the large sample size traditional statistical testing of differences in baseline characteristics was statistically significant for all variables; hence the significance of differences was established based on what we deemed to be biologically meaningful differences. Data points were missing for race (1.4%), blood pressure (17.5%), serum albumin (13.0%), hemoglobin (13.2%), white blood cell count (WBC, 16.1%), aspartate aminotransferase (AST, 7.4%), alanine aminotransferase (ALT, 5.3%), total bilirubin (9.4%), alkaline phosphatase (10.3%) and blood glucose (0.5%). There were a total of 509,906 patients (78% of the total study population) with complete data available for the fully adjusted multivariable analyses. Compared to patients with missing data, patients with complete data were of similar age (73.8±9.6 vs. 74.0±10.1 years), gender (2.7% vs. 3.1% females), race (87% vs. 91% white, 10% vs. 7% black), and had similar prevalence of diabetes mellitus (44% vs. 41%), cardiovascular disease (44% vs. 39%) and congestive heart failure (15% vs. 12%). Missing values were not imputed in primary analyses, and were substituted by using multiple imputation procedures in sensitivity analyses. Missing values were replaced by multiple imputations with a multivariate normal regression method using data augmentation with an iterative Markov chain Monte Carlo procedure 37, 38 in Stata's "mi" command suite. Ten imputed datasets were generated, primary analyses were performed on each imputed dataset and Rubin's combination rules were used to form one set of results. 39 The start of the follow-up period was the date of the first available serum sodium measurement after October 1, 2004. Patients were followed until death or were censored at the date of the last health care or administrative VA encounter, as documented in the VA Vital Status Files (VSF). The VA VSF is a registry containing dates of death or last medical/administrative encounter from all available sources in the VA system (the Beneficiary Identification Records Locator Subsystem (BIRLS), the Patient Treatment File (PTF), Medicare and Social Security Administration (SSA)). The sensitivity and specificity of the Vital Status Files using the National Death index as gold standard were shown to be very high (98.3% and 99.8% respectively). 40 For 2,956 patients (0.005%) with missing VSF data the date of the last available laboratory measurement was used as the censoring date. The association of serum sodium level with all-cause mortality was examined in time-dependent Cox models, with adjustment for potential confounders. Variables were included in multivariable models if they could be considered confounders 41 based on theoretical considerations and after examination of baseline associations with serum sodium. Associations were examined sequentially in models with incremental multivariable adjustments: unadjusted (Model 1), age, gender, race and geographic location (Model 2), model 2 plus comorbid conditions (diabetes, ASCVD, CHF, liver disease, malignancy, depression and Charlson comorbidity index) (Model 3) and model 3 plus systolic blood pressure, eGFR, serum albumin, alkaline phosphatase, AST, ALT, total bilirubin, blood hemoglobin, glucose and white blood cell count (Model 4). Variables which were measured repeatedly during follow-up (serum sodium, blood pressure and all other laboratory covariates) were handled as time-dependent variables in Cox models. We hypothesized that the association of serum sodium with mortality will be non-linear; hence we examined sodium by using restricted cubic splines. Due to the small number of patients with serum sodium levels <115 mEq/liter (N=76) and >160 mEq/liter (N=61) the spline models were limited to patients with serum sodium levels of 115-160 mEq/liter. We also compared patients with mild-moderate and severe hyponatremia (serum sodium <130 and 130-135 mEq/l) and hypernatremia (serum sodium 146-150 and >150 mEq/l) to those with normal serum sodium (serum sodium 136-145 mEq/ l). Due to their smaller numbers patients with hypernatremia were analyzed as a single category (serum sodium >145 mEq/l) in subgroup analyses. In order to better assess the short term vs. the long term effects of serum sodium levels on mortality time-stratified Cox models were constructed to examine 1-year mortality hazard ratios associated with baseline hypo-and hypernatremia (defined by serum sodium levels at the cohort entry and maintained constant throughout the examined time periods) and with time-varying hypo-and hypernatremia (defined based on repetitive quarterly serum sodium measurements in each examined year) in the first, second, third, fourth and fifth years of follow-up, conditional on surviving to the beginning of the examined (first, second, etc.) year. 42 The association of serum sodium with mortality was examined separately in subgroups of patients categorized by CKD stage, by key sociodemographic characteristics, presence or absence of key comorbid conditions and by their levels of relevant laboratory values. Sensitivity analyses were performed by using imputed values of independent variables and by using serum sodium levels corrected for serum glucose level. Statistical analyses were performed using STATA MP version 11 (STATA Corporation, College Station, TX). The study protocol was approved by the Research and Development Committee at the Salem VAMC.
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Results
The mean±SD age of the cohort at baseline was 73.9±9.8 years, 87% and 9% of patients were white and black, respectively, and the mean estimated GFR (eGFR) was 50.2±14.1 ml/ min/1.73m 2 . The mean±SD baseline serum sodium was 140±3 mEq/l. At baseline 85,855 patients (13.5%) had hyponatremia (serum sodium <136 mEq/l) and 13,289 (2%) had hypernatremia (serum sodium of >145 mEq/l); during the entire duration of follow-up 169,158 patients (26%) had at least one episode of hyponatremia and 45,666 (7%) had at least one episode of hypernatremia. Baseline characteristics in patients categorized by their baseline serum sodium levels are shown in Table 1 . Patients with hyponatremia were younger, more likely to be diabetic and to have CHF, liver disease and depression, had a higher eGFR, blood glucose and white blood cell count, and a lower serum albumin and blood hemoglobin. Patients with hypernatremia on the other hand were older, and had a lower eGFR, serum total bilirubin and blood glucose. (Figure 3) . In timestratified Cox models concomitantly assessing 1-year mortality rates associated with both baseline and time-varying serum sodium categories, time-varying hypo-and hypernatremia both showed stronger associations with mortality compared to baseline hypo-and hypernatremia, which displayed weak or non-significant associations ( Table 2 ).
The association of lower and higher serum sodium with mortality was present in all examined subgroups, including patients with and without CHF, liver disease, malignancy and depression, in patients with high and with low levels of the composite Charlson comorbidity index, and in patients with normal or elevated serum levels of hepatic enzymes (Figure 4 ). There was no linear trend in the mortality hazard ratios associated with hyponatremia in patients with different stages of CKD (Figure 4, panel A) ; however, mortality associated with hypernatremia appeared to be relatively lower in patients with more advanced stages of CKD (Figure 4, panel B) .
Results of analyses using imputed values for missing variables yielded similar results: the multivariable adjusted hazard ratios (95%CI) in patients with serum sodium levels of <130, 130-135.9, 145.1-150 and ≥150 compared to 136-145 mEq/l were 1.94 (1.85-2.03), 1.28 (1.27-1.30), 1.29 (1.25-1.34) and 1.58 (1.38-1.82), p<0.001 for all. The results of analyses examining serum sodium levels that were adjusted for blood glucose levels were also not different from the results detailed above (data not shown).
Discussion
We describe an association between abnormally decreased and elevated levels of serum sodium and higher all-cause mortality in a large, nationally representative group of US veterans with non-dialysis dependent CKD. These associations were linearly proportional with the severity of the underlying hyponatremia and hypernatremia, and were independent from comorbid conditions such as CHF or liver disease. Both lower and higher serum sodium were associated more strongly with mortality when modeling them in a timedependent manner, with weak or no effects associated with baseline levels of the same factors, suggesting that both hypo-and hypernatremia represent acute (short term), rather than chronic (long term) risk factors for mortality. Severity of kidney disease did not appear to affect the mortality associated with hyponatremia, but patients with more advanced CKD displayed a relatively lower mortality associated with hypernatremia compared to patients with less severe stages of CKD.
Studies examining the predictive value of serum sodium level have concentrated largely on hyponatremia, have examined mostly patients who were hospitalized, and were usually derived from data obtained from single medical centers. Such studies have described associations of hyponatremia with a variety of adverse outcomes including all-cause mortality, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] length of inpatient stay, 20, 21 gait imbalance and falls, 22 rhabdomyolysis, 23 bone fractures [24] [25] [26] and higher hospitalization costs. [27] [28] [29] Some of the studies examined unselected groups of patients, 18, 20 but others focused on groups with some underlying comorbid condition such as CHF, 7, 11, 14 cardiovascular 9, 10 or liver disease. 4, 13 Irrespective of the setting or the patients included, all studies have found that hyponatremia is associated with an increased risk of the studied end points. Similar associations were reported for hypernatremia too, 20 although this abnormality has been in general under-emphasized.
Ours is the first study that examined patients with non-dialysis dependent CKD, and the first to provide data that is nationally representative for the US. The uniqueness of the CKD population is that kidney disease affects the organ responsible for maintaining water homeostasis, and as such it is possible that both the prevalence of dysnatremias and their clinical consequences could be magnified. While we did report a relatively high prevalence and incidence of hyponatremia (13% of the patients in our study had hyponatremia at baseline, and twice as many had at least one episode of hyponatremia during follow-up), the lack of information about the general population prevents us from determining whether CKD results in an increased incidence or prevalence of dysnatremias. Regarding outcomes, we did not find differences in the association of hyponatremia with mortality in patients with different severities of CKD, but hypernatremia appeared to predict less severe outcomes in patients with more advanced stages of CKD. This latter observation could be the result of end-organ adaptation to a state of increased extracellular osmolality in patients with advanced CKD who experience a gradual accumulation of various uremic solutes with advancing severity of kidney disease. One implication of our results is that it establishes hypo-and hypernatremia as robust outcome predictors in patients with all stages of CKD. On the other hand, it is unclear yet if these abnormalities should be considered treatment targets in these patients. Both hypo-and hypernatremia can have direct adverse effects on various organs' function, most notably on the central nervous system. [43] [44] [45] [46] This underlying pathophysiology could serve as one potential explanation of why abnormal serum sodium level is associated with increased mortality; our results indicating a more marked association with short term, rather than long term mortality also supports this hypothesis. Since abnormal water homeostasis usually develops as a result of another underlying pathology it is also possible that hyponatremia and hypernatremia are merely surrogate markers of more severe disease states. Similar to other studies, we did not detect any effect modification by known disease states that affect serum sodium level, which makes it more likely that abnormal serum sodium level has an independent effect on survival. Furthermore, a study of maintenance hemodialysis patients enrolled in the Hemodialysis (HEMO) study also reported a significant association of hyponatremia with mortality, even though in anuric dialysis patients the development of low serum sodium is unrelated to the stimulation of arginine-vasopressin by underlying comorbidities. 19 Arguing against a causal effect of hyponatremia was a recent study in hospitalized patients in whom the authors could link fatalities associated with severe hyponatremia (<120 mEq/l) to more severe underlying disease processes rather than the hyponatremia itself. 47 Nevertheless, observational studies cannot completely overcome the problem of residual confounding, which can be better addressed by randomized controlled trials. One such large trial in patients that examined the effects of the vasopressin V2 receptor antagonist tolvaptan on mortality in patients with CHF did not detect a significant benefit on mortality, 48 but more interventional studies are needed to determine if other patient populations, other treatment regimens, or patients with different severities of hyponatremia might show different outcomes.
Our study is notable for its very large sample size and event numbers, and for it being representative of the entire geographic United States. Our study also has a number of limitations that need to be considered when interpreting its results. Our study population consisted mostly of male patients; hence the results may not apply to females. We used data obtained during the course of clinical practice, hence selection bias is possible. However, the key laboratory variables used for cohort definition (serum creatinine and sodium) are part of routine panels that are measured in most patients receiving healthcare, hence it is unlikely that a significant proportion of actively enrolled veterans would have been excluded. We defined CKD using the CKD-EPI equation as it is more accurate than other estimating equations (such as the Modification of Diet in renal Disease (MDRD) equation) in patients with normal and mildly decreased GFR. The CKD-EPI equation was, however, meant to be used with serum creatinine measured by the IDMS-traceable method, which was not ubiquitous at the time when our cohort was defined (2005) (2006) , and hence it is unclear how accurate the staging of CKD in our cohort was. The associations between serum sodium and mortality did not change, however, if we used the MDRD equation to estimate GFR in our cohort participants (data not shown). We did not collect information about hospitalizations, hence we cannot determine if the mortality associated with hypo-or hypernatremia occurred in context of hospitalizations. We adjusted our analyses for a significant number of potential confounders, but we cannot rule out the presence of residual confounding. We used diagnostic codes to define comorbid conditions that could act as confounders in the association of serum sodium with mortality, which may have resulted in underestimation of their prevalence. By including laboratory variables reflecting abnormal liver function and/or structure we were able to alleviate this concern as far as the confounding imparted by liver disease, but we did not have similar data to assess the presence and/or severity of the other relevant comorbid conditions. We had relatively few patients with extremely high or extremely low serum sodium levels, hence our ability to characterize outcomes associated with very severe degrees of hypo-and hypernatremia may be limited.
Conclusions
Both hyponatremia and hypernatremia are associated with increased all-cause mortality in patients with non-dialysis dependent CKD. This association is independent of comorbid conditions and severity of kidney disease. Abnormal serum sodium levels can be used as predictors of outcomes in this patient population, and could be considered as treatment targets that need to be tested in clinical trials. Algorithm used to define the study cohort. eGFR, estimated glomerular filtration rate; ESRD, end stage renal disease. Multivariable adjusted log hazard ratios (95% confidence intervals) of all-cause mortality associated with serum sodium levels in a time-dependent Cox model using restricted cubic splines, adjusted for age, gender, race, geographic location, diabetes mellitus, ASCVD, CHF, liver disease, malignancy, depression, the Charlson comorbidity index, systolic blood pressure, eGFR, serum albumin, alkaline phosphatase, aspartate and alanine aminotransferase, total bilirubin, blood hemoglobin, glucose and white blood cell count. The bars represent the number of deaths in patients with serum sodium levels grouped in increments of 5 mEq/liter from 115 to 160 mEq/liter, on a logarithmic scale. Unadjusted and multivariable adjusted hazard ratios (95% confidence intervals) of all-cause mortality associated with various levels of serum sodium in time-dependent Cox models. The groups with serum sodium 136-145 served as referent. Models represent unadjusted association (Model 1) and associations after adjustment for age, gender, race and geographic location (Model 2), Model 2 variables + diabetes mellitus, ASCVD, CHF, liver disease, malignancy, depression and the Charlson comorbidity index (Model 3) and Model 3 variables + systolic blood pressure, eGFR, serum albumin, alkaline phosphatase, aspartate and alanine aminotransferase, total bilirubin, blood hemoglobin, glucose and white blood cell count (Model 4). All comparisons were significant at p<0.001 level. Forest plot of the multivariable adjusted natural log-transformed mortality hazard ratios (95%CI) associated with mild (130-135.9 mEq/l) and moderate-to-severe (<130 mEq/l) hyponatremia (Panel A), and with hypernatremia (serum sodium >145 mEq/l, Panel B) in various pre-specified subgroups of patients. Groups with normal (136-145 mEq/l) serum sodium levels served as referent. Estimates are from time-dependent Cox models adjusted for age, gender, race, geographic location, diabetes mellitus, ASCVD, CHF, liver disease, malignancy, depression, the Charlson comorbidity index, systolic blood pressure, eGFR, serum albumin, alkaline phosphatase, aspartate and alanine aminotransferase, total bilirubin, blood hemoglobin, glucose and white blood cell count. Table 1 Baseline characteristics of individuals stratified by baseline serum sodium level One-year unadjusted mortality hazard ratios (95% confidence intervals) associated with baseline and with time-dependent serum sodium levels of <130 , 130-135.9 and >145 mEq/L, compared to 136-145 mEq/L in the first, second, third, fourth and fifth year of follow-up, conditional on surviving to the beginning of the examined year. Hazard ratios are estimated from Cox models that included both baseline and time-dependent serum sodium categories, and were adjusted for age, gender, race, geographic location, diabetes mellitus, ASCVD, CHF, liver disease, malignancy, depression, the Charlson comorbidity index, systolic blood pressure, eGFR, serum albumin, alkaline phosphatase, aspartate and alanine aminotransferase, total bilirubin, blood hemoglobin, glucose and white blood cell count. Baseline serum sodium categories were established based on measurements in the first three months of cohort participation for all models and kept constant throughout follow-up. Time-dependent serum sodium categories were established using repetitive quarterly serum sodium levels measured throughout follow-up.
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